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During development, the modulation of cadherin adhesive function is proposed to control various morphogenetic events including
epithelial±mesenchymal conversions and tubulogenesis, although the mechanisms responsible for regulating cadherin activity
during these events remain unclear. In order to gain insights into the regulation of cadherin function during morphogenesis, we
utilized the sea urchin embryo as a model system to study the regulation of cadherin localization during epithelial±mesenchymal
conversion and convergent±extension movements. Polyclonal antibodies raised against the cytoplasmic domain of a cloned sea
urchin cadherin recognize three major polypeptides of Mr 320, 140, and 125 kDa and speci®cally stain adherens junctions, and
to a lesser extent, lateral membrane domains in all epithelial tissues of the embryo. Analysis of embryos during gastrulation
demonstrates that changes in cadherin localization are observed in cells undergoing an epithelial±mesenchymal conversion.
Ingression of primary mesenchyme cells is accompanied by the rapid loss of junctional cadherin staining and the coincident
accumulation of cadherin in intracellular organelles. These data are consistent with the idea that the deadhesion of mesenchymal
cells from neighboring epithelial cells involves the regulated endocytosis of cell surface cadherin molecules. Conversely, neither
cadherin abundance nor localization is altered in cells of the gut which undergo convergent±extension movements during the
formation of the archenteron. This observation indicates that these movements do not require the loss of junctional cadherin
molecules. Instead, the necessary balance between adhesion and motility may be achieved by regulating the expression of
different subtypes of cadherin molecules or modifying interactions between cadherins and catenins, proteins that bind the
cytoplasmic domain of cadherin and are necessary for cadherin adhesive function. To address cadherin function at the molecular
level, we used a partial cDNA representing the conserved cytoplasmic domain to identify a novel cadherin molecule in the sea
urchin Lytechinus variegatus. The deduced amino acid sequence of LvG-cadherin (for Goliath-cadherin) predicts that it is a
transmembrane protein with an apparent relative molecular mass of 303 kDa. The cytoplasmic domain shows signi®cant
sequence identity to that of vertebrate classic cadherins. However, the extracellular domain is distinguished from its vertebrate
counterparts by both an increased number of cadherin-speci®c repeats and the presence of four EGF-like repeats proximal to the
transmembrane domain. Taken together, these data are consistent with the hypothesis that the sea urchin possesses several
cadherins, including a novel member of the cadherin family, and that the dynamic regulation of cadherin localization plays a
role in epithelial to mesenchymal conversions during gastrulation. q 1997 Academic Press
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INTRODUCTION tissue and organ structure during development. The major
intercellular adhesion molecules expressed during em-
The regulation of cell adhesion is an important mecha- bryogenesis are members of the cadherin family (Takeichi,
nism involved in the generation of appropriate patterns of 1988, 1991; Geiger and Ayalon, 1992; Gumbiner, 1996).
Cadherins are a family of Ca2/-dependent adhesion recep-1 Present address: Howard Hughes Medical Institute, University
tors that are essential for the mutual association of cells.of Washington School of Medicine, Box 357370, Seattle, WA 98195-
Classical cadherins are homophilic adhesion receptors com-7370. Fax: (206) 616-4230. E-mail: cat®sh@u.washington.edu.
posed of four extracellular repeats, a single transmembrane2 To whom correspondence should be addressed at DCMB, Box
domain, and a highly conserved intracellular domain. In91000, Duke University, Durham, NC 27708. Fax: (919) 613-8177.
E-mail: dmcclay@acpub.duke.edu. a series of elegant experiments, Takeichi and colleagues
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demonstrated that when cells expressing different cadherins maguchi et al., 1993; Hinck et al., 1994b; Kinch et al., 1995),
highlighting the importance of cadherins and catenins inare mixed, they will sort out from one another (Nose et al.,
1988; Miyatani et al., 1989), demonstrating that cadherins the regulation cell adhesion.
The sea urchin embryo provides a powerful model systemconfer some adhesive speci®city to cells. The differential
binding speci®city of each cadherin subtype appears to be for analyzing the cellular and molecular processes that gen-
erate distinct patterns of embryonic tissue organization.developmentally signi®cant since the regulation of cadherin
subtype expression accompanies a variety of morphogenetic Many approaches, such as descriptive embryology, experi-
mental embryology, biochemistry, and immunohistochem-events (Thiery et al., 1984; Crossin et al., 1985; Hatta and
Takeichi, 1986; Hatta et al., 1987). istry, have been utilized very successfully to investigate the
nature of cellular processes associated with morphogenesisDuring development, changes in cadherin expression are
intimately linked to morphogenetic processes that involve in sea urchin embryos. In particular, the cellular move-
ments associated with the ingression of primary mesen-the loss of epithelial character and the delamination of cells
from an epithelial sheet (Takeichi, 1988; Birchmeier et al., chyme cells (PMCs) and convergent±extension of the arch-
enteron have been studied in some detail (Gustafson and1993; Gumbiner, 1996). The relationship between cadherin
activity and epithelial±mesenchymal conversions has been Wolpert, 1967; Katow and Solursh, 1980; Ettensohn, 1985;
Hardin and Cheng, 1986; Hardin, 1989). These studies dem-assayed directly by perturbing cadherin adhesion in epithe-
lial cells with function-blocking antibodies. Incubation of onstrate that both ingression and archenteron formation
likely involve the dynamic regulation of intercellular adhe-a variety of epithelial tissues with such antibodies results
in the disruption of cell junctions and the loss of cell surface sion. Ingression of the primary mesenchyme coincides with
the disassembly of adherens junctions (Katow and Solursh,polarity (Behrens et al., 1985; Gumbiner and Simons, 1986;
Nagafuchi et al., 1987; Gumbiner et al., 1988; Matsuzaki 1980) and an experimentally observed decrease in the af®n-
ity of the primary mesenchyme cells for neighboring blasto-et al., 1990; Fleming et al., 1992; Meyer et al., 1992; Balda
et al., 1993) and is often associated with changes in gene meres (Fink and McClay, 1985). Formation of the archen-
teron involves the convergent±extension movements ofexpression and cell differentiation (Damsky et al., 1983;
Burdsal et al., 1993; Hodivala and Watt, 1994). Epithelial± cells within the endodermal epithelium (Ettensohn, 1985;
Hardin, 1989) that requires cells to make and break adhe-mesenchymal transitions are not con®ned to development,
but also accompany the loss of epithelial character in malig- sions as they exchange neighbors during gastrulation. How-
ever, unlike primary mesenchyme cell ingression, the lossnant carcinomas. Recent observations clearly demonstrate
that the loss of cadherin function is also associated with of apical cell junctions does not appear to occur during the
rearrangement of endodermal cells during gastrulation (Et-the early events of metastasis in a variety of cancer cell
lines, demonstrating that cadherins function as tumor sup- tensohn, 1985). Although adhesion and time-lapse video-
microscopic studies show changes in cell behavior at in-pressor molecules (Behrens et al., 1989; Vleminckx et al.,
1991; Shimoyama and Hirohashi, 1991a,b; Oka et al., 1992; gression and during archenteron elongation, very little is
known about the molecular basis of cell±cell adhesion andMayer et al., 1993; Becker et al., 1994; Birchmeier and Beh-
rens, 1994). These ®ndings are consistent with the hypothe- how it is regulated during these morphogenetic processes.
Given the similarities between these processes and thosesis that cadherins play an important role in the maintenance
of epithelial morphology and that the deactivation of the known to involve cadherins in cell culture model systems,
we began an investigation into the role of cadherins in con-cadherin adhesion system may be a key regulator of epithe-
lial to mesenchymal transitions during embryogenesis and trolling epithelial±mesenchymal conversions and conver-
gent±extension movements in vivo utilizing the sea urchincancer.
Cadherin adhesive activity is not only dependent on the embryo as a model system. In the present study, we examine
the potential involvement of cadherins in these processeshomophilic binding of two cadherin molecules on adjacent
cells, but is also dependent on the interaction of the intra- by determining the pattern of cadherin localization in cells
undergoing active morphogenetic movements and by char-cellular domain with the cytoplasmic proteins a-catenin,
b-catenin, g-catenin/plakoglobin, and p120 (Gumbiner and acterizing a novel member of the cadherin family that is
expressed throughout sea urchin development.McCrea, 1993; Kemler, 1993). a-Catenin is thought to medi-
ate the interaction between cadherin and the actin cytoskel-
eton (Ozawa et al., 1989, 1990b). The structure of b-catenin
is very similar to that of g-catenin/plakoglobin and the Dro- MATERIALS AND METHODS
sophila segment polarity gene armadillo (Franke et al.,
1989; Riggleman et al., 1989; McCrea and Gumbiner, 1991; Embryos
Peifer et al., 1992). b-Catenin binds directly to the cadherin
Adult Lytechinus variegatus animals were obtained from Susancytoplasmic domain linking cell surface adhesion receptors
Decker Services (North Hollywood, FL). Gametes were obtained
to a-catenin and the actin cytoskeleton (McCrea and Gum- by intracoelomic injection of 0.5 M KCl. Eggs were dejellied by
biner, 1991; Ozawa and Kemler, 1992; Hinck et al., 1994a). passage through cheesecloth and fertilized with a dilute suspension
Recent evidence demonstrates that b-catenin and p120 are of sperm. Embryos were grown in arti®cial seawater (ASW).
potential targets for intracellular signals that modulate cell Treatment of embryos with cordycepin was performed as de-
scribed previously (Anstrom and Fleming, 1994). Brie¯y, a 10 mg/adhesion (Matsuyoshi et al., 1992; Behrens et al., 1993; Ha-
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ml stock of cordycepin (Sigma Chemical Co., St. Louis, MO) was 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS; 1 mM PMSF;
10 mg/ml leupeptin) and cleared by centrifugation at 14,000 rpmprepared in dimethyl sulfoxide and stored at 47C. Cordycepin is an
inhibitor of mRNA adenylation, and thus translation. This reagent for 15 min. An equal volume of 21 SDS sample buffer was added
to the lysates and they were incubated at 1007C for 5 min. Sampleswas added to a dilute culture of embryos 2 h before hatching at a
®nal concentration of 25 mg/ml. Data shown are representative of were stored at 0707C prior to electrophoresis.
Protein samples were incubated in 50 ml SDS sample buffer andtwo separate experiments in which approximately 50 embryos were
analyzed by confocal microscopy following treatment with either incubated for 5 min at 1007C before separation on an SDS±7.5%
polyacrylamide gel (Laemmli, 1970). Proteins were electrophoreti-cordycepin or DMSO as a control.
cally transferred to a nitrocellulose membrane (Schleicher and
Schuell). The membranes were blocked with TBST (10 mM Tris,
Cloning of L. variegatus Cadherin pH 8.0; 150 mM NaCl; 0.5% Tween 20) plus 5% milk followed by
4 h incubation with af®nity-puri®ed antibodies as indicated (1:1000L. variegatus cadherin was initially identi®ed by PCR using de-
dilution in TBST / 3% BSA) at 47C. The blot was washed exten-generate oligonucleotide primers. Primers were designed by
sively in TBST and incubated with horseradish peroxidase-conju-selecting regions of high sequence identity in the cytoplasmic tail
gated secondary antibody (1:10,000 in TBST / 3% BSA; Jacksondomain between all known vertebrate cadherins. The primer
Immunolabs) for 2 h at room temperature. The blot was washedsequences were: 5*-GGIGARGARGAYCARGAYTAYGAYYT-3*
extensively in TBST and developed using luminol (Sigma Chemical(sense strand corresponding to the sequence GEEDQDYDL; Y 
Co.) as the peroxidase substrate.C/T; R  A/G; I  inosine), and 5*-CCRTACATRTCIGCIARY-
TTYTTRAA-3* (antisense strand corresponding to the sequence
FKKLADMYG; Y  C/T, R  A/G, I  inosine). PCR reactions
Whole-Mount Immuno¯uorescencewere performed using 1 mM of each primer, 2.5 U Taq polymerase
(Perkin Elmer Cetus, Norwalk, CT) and 2.5 ml ®rst-strand midgas-
Embryos were ®xed in 100% MeOH on ice for 15±20 min fol-trula cDNA as template. Midgastrula ®rst-strand cDNA was pre-
lowed by three washes in ASW. Embryos were incubated with af-pared by reverse transcription of poly(A)/ RNA using oligo(dT)12±18
®nity-puri®ed anti-cadherin polyclonal sera (CAD-1; 1:1000 dilu-primers (poly(A)/ RNA was isolated with the Quick Prep Micro
tion in ASW / 2% goat serum) for 1±2 h at room temperature andmRNA isolation kit, Pharmacia, Piscataway, NJ). PCR cycles were
washed three times in ASW. For immuno¯uorescence, embryosperformed as follows: 1 cycle of 957C for 5 min (Taq was added
were incubated with Cy-3-conjugated goat anti-guinea pig IgGwhile the reaction was at 957C), 507C for 2 min 24 s, 727C for
(1:200 dilution in ASW / 2% goat serum, Jackson ImmunoRe-40 s; 40 cycles of 947C for 40 s, 507C for 40 s, 727C for 40 s; 1 cycle
search Laboratories Inc., West Grove, PA) for 1 h at room tempera-of 947C for 40 s, 457C for 1 min, 727C for 5 min; followed by a
ture and washed three times in ASW. Double labeling was per-47C soak. The ampli®ed 350-bp fragment was gel puri®ed and was
formed simultaneously by incubating embryos in a combination ofsubsequently used as template for a second round of PCR using an
primary antibodies for 1 h at room temperature. Primary antibodiesidentical cycling pro®le except that the annealing temperature was
were used at the following dilution: anti-cadherin, 1:1000; anti-raised to 607C for all cycles. The reampli®ed product was once
Lvb-catenin, 1:1000 (Miller and McClay, 1997); anti-Lva-catenin,again gel puri®ed and was blunt end cloned into the EcoRV site of
1:1000 (Miller and McClay, unpublished); 1d5, a monoclonal anti-pBluescript (SK0) (Stratagene, La Jolla, CA). Positive clones were
body that is a PMC marker, 1:2 (Hardin and McClay, unpublished).identi®ed by blue±white selection. One positive colony was identi-
Following three washes in ASW, embryos were incubated in a com-®ed from the sea of thousands of blue colonies and grown overnight
bination of FITC-conjugated (1:250) and Cy-3-conjugated antibod-in 5 ml LB / 100 mg/ml ampicillin. This one precious clone was
ies (1:500) in ASW / 2% goat serum for 1 h at room temperature.sequenced on both strands to con®rm its identity as a L. variegatus
After washing three times in ASW, embryos were mounted in glyc-cadherin PCR ampli®cation product.
erol:ASW (4:1). Confocal microscopy was performed on a Zeiss laser
scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY)
mounted on an inverted microscope (Axiovert, Carl Zeiss Inc.). AllAntibodies
images were collected using either a 401 plan-neo¯uar oil immer-
A 456-bp fragment encoding the entire cytoplasmic tail do- sion objective (NA  1.3) or a 631 plan-apochromat oil immersion
main of LvG-cadherin (amino acids 2658±2809) was subcloned objective (NA  1.4). Collection of images from double-labeled
into the BamHI/EcoRI site of PGEX-2 and used to produce a embryos was performed sequentially using the appropriate ®lters
cadherin±GST fusion protein. Two male guinea pigs (Charles to prevent any bleeding of ¯uorescent signal between channels.
River, Raleigh, NC) were injected with 0.1±0.5 mg of fusion Embryos incubated with preimmune sera did not stain positively
protein in 3- to 4-week intervals. Bleeds were performed 7 days at any of the stages examined (data not shown).
following the fourth and sixth boosts. Anti-GST antibodies
were removed from the serum using a GST±agarose column
(AminoLink coupling gel, Pierce, Rockford, IL) and the anti-cad- Library Screening and Sequence Analysisherin antibodies were subsequently af®nity puri®ed on a cad-
herin/GST±agarose column (AminoLink coupling gel, Pierce). A L. variegatus lgt-11 midgastrula cDNA library (prepared by
Antibodies were concentrated to approximately 5 mg/ml (Centri- Stratagene) was screened six times in order to obtain cDNAs that
con 50 microconcentrator, Amicon Inc., Beverly, MA) and stored included the entire cadherin open reading frame. Hybridizations
in PBS / 0.02% azide at 47C or frozen at 0207C. were carried out in 50% formamide, 51 SSPE, 0.1% SDS, 51 Den-
hardt's overnight at 427C using a random-primed 32P-labeled probe.
Filters were washed twice in 21 SSC, 0.1% SDS at 607C and twiceProtein Extraction and Immunoblotting
in 0.21 SSC, 0.1% SDS at 607C. Kodak XAR ®lm (Eastman Kodak
Co., Rochester, NY) was exposed to the ®lters overnight at 0707C.For Western blot analysis, embryos at the desired stage were
homogenized in RIPA buffer (50 mM Tris, pH 8.0; 150 mM NaCl; Given the large size of LvG-cadherin, greater than 20 overlapping
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125 kDa, respectively. The speci®city of the antiserum for
these three proteins was con®rmed by preabsorbing the an-
tiserum with excess fusion protein which eliminated the
reactivity of the CAD-1 antiserum with all three polypep-
tides (data not shown). Given its enormous size, the 320-
kDa polypeptide likely represents a novel cadherin (LvG-
cadherin, see below). The 140- and 125-kDa polypeptides
are much more abundant than the 320-kDa protein and areFIG. 1. Immunoblot analysis of CAD-1 speci®city. Western blot
similar in size to two putative cadherins identi®ed in theof total protein (50 mg/lane) extracted from embryos at various
sea urchin Parcentrotus lividus (Ghersi et al., 1993) as wellstages was probed with af®nity-puri®ed CAD-1 polyclonal anti-
as to classical vertebrate cadherins. This observation takenbody. Lane 1, unfertilized egg; lane 2, hatched blastula; lane 3, early
gastrula; lane 4, late gastrula; lane 5, pluteus. The three polypep- with the staining pattern of CAD-1 immunoreactivity in
tides of 320, 140, and 125 kDa recognized by the antiserum are embryos (see below) strongly suggests that these proteins
indicated with lines. Molecular weight markers are indicated to represent two additional cadherin subtypes in L. variegatus.
the right. However, molecular characterization of these polypeptides
is necessary before we can unequivocally identify them as
new members of the cadherin family.
clones were analyzed by restriction mapping and sequencing to
con®rm the overall structure of LvG-cadherin. Six of these overlap- The Subcellular Localization of Cadherin Suggests
ping cDNAs were used to sequence the entire open reading frame That It Plays a Role in Regulating Cell±Cell
of LvG-cadherin by the dideoxynucleotide chain termination Adhesion during Embryogenesis
method of Sanger et al. (1977) using Sequenase 2.0 (Amersham
Changes in cadherin expression often accompany theCorp., Arlington Heights, IL). Clones for sequencing were generated
morphogenesis of embryonic tissues (Takeichi, 1988, 1991).using the transposon-facilitated method of Strathman et al. (1991)
or ExoIII digestions (Erase-A-Base, Promega, Madison, WI) and over- Therefore, we examined embryos stained with the CAD-1
lapping sequence data were obtained for both strands. antiserum by confocal microscopy in order to determine
whether changes in the subcellular localization of cadherins
accompany several morphogenetic events that require cells
In Situ Hybridization to modulate their intercellular adhesions. Given the results
of the Western blot analysis showing the cross-reactivity ofIn situ hybridization was performed following the methods of
the CAD-1 antiserum (Fig. 1), we could not determine theHarkey et al. (1992). Probes for in situ hybridization were prepared
relative contribution of different subtypes of cadherin mole-by subcloning a 450-bp EcoRI fragment of lCadN1 that codes for
amino acids 1568±1718. PEG-puri®ed DNA was linearized with cules to the observed staining patterns. However, since the
either XhoI (for antisense probe) or XbaI (for sense probe) preceding CAD-1 antibodies were raised against the highly conserved
in vitro synthesis of digoxygenin-labeled RNA probes (Boehringer cytoplasmic domain of cadherin, we believe that the ob-
Mannheim). A probe concentration of 10 pg/ml was used for all served staining pattern likely represents the localization of
experiments. most, if not all, cadherin molecules expressed during em-
bryogenesis with the majority of the staining representing
the expression of both the 140- and 125-kDa polypeptides.
RESULTS We focused on the following three development events
thought to involve changes in cell adhesion and adherens
junction organization: (i) the acquisition of cell polarity inThe cytoplasmic domain is the most highly conserved
region of vertebrate cadherins containing several long cleavage-stage blastomeres; (ii) the epithelial±mesenchy-
mal conversion of epithelial cells to mesodermal deriva-stretches of amino acids that are identical among different
cadherin subtypes and different species. Given this se- tives; and (iii) the convergent±extension movements in-
volved in constructing the archenteron.quence conservation, we designed degenerate oligonucleo-
tide PCR primers (see Materials and Methods) representing Changes in the pattern of cadherin localization predict
the development of adherens junctions and acquisition ofseveral of these regions and used these to amplify a partial
cDNA from L. variegatus midgastrula ®rst-strand cDNA. cell polarity. Blastomeres of the sea urchin embryo dis-
play Ca2/-dependent adhesion throughout embryogenesis.One positive recombinant was identi®ed and, when se-
quenced on both strands, showed signi®cant identity to all Thus, we predicted that cadherin protein would be localized
to sites of cell±cell adhesion from the 2-cell stage onwardmembers of the cadherin family. A fusion protein encoding
the cytoplasmic domain linked to glutathione S-transferase and would later become enriched in apical adherens junc-
tions. Consistent with these predictions we ®nd that cad-was used to produce af®nity-puri®ed polyclonal antiserum
(CAD-1). In order to determine the speci®city of the CAD- herin protein is present in the cytoplasm of unfertilized eggs
(Fig. 2A) and accumulates at sites of new cell±cell contacts1 antiserum we performed Western blot analysis on lysates
from gastrula stage embryos (Fig. 1). The CAD-1 antiserum at the 2- and 4-cell stage (Figs. 2B and 2C). From the 16-cell
stage onward, CAD-1 immunoreactivity is associated solelydetected three polypeptides of apparent Mr 320, 140, and
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this interaction can be inferred from the colocalization of
both cadherin and b-catenin with a-catenin and the known
organization of the cadherin/catenin complex (cadherin 
b-catenin  a-catenin; reviewed in Kemler, 1993; Gum-
biner, 1996). These data taken together with the conserva-
tion of the b-catenin binding domain in the cytoplasmic
domain of LvG-cadherin (see below) and the high degree of
sequence identity between Lvb-catenin (Miller and
McClay, 1997) and Lva-catenin (Miller and McClay, unpub-
lished data) with their invertebrate and vertebrate homologs
strongly argues that the organization and adhesive function
of the cadherin/catenin complex is conserved in the sea
urchin.
Loss of adherens junction-associated cadherin and accu-
mulation of intracellular cadherin accompany primary
mesenchyme cell ingression. Ingression of PMCs involves
the disassembly of cell junctions and changes in their adhe-
sive properties (Katow and Solursh, 1980; Fink and McClay,
1985). The molecular mechanisms responsible for these
modi®cations are unknown, but are likely to involve the
regulation of cell surface adhesion molecules such as cad-
herins. Therefore, we examined mesenchyme blastula-stage
embryos to determine whether the known changes in ad-
FIG. 2. Distribution of CAD-1 in eggs and early embryos. Confo- herens junction organization and cell adhesion correlate
cal micrographs of an unfertilized egg (A), 2-cell (B), 4-cell (C), and with changes in the subcellular distribution of cadherin.
120-cell (D; vegetal view) stage embryos stained with CAD-1 anti-
Prior to PMC ingression, all cells of the embryo displayserum.
prominent adherens junction localized CAD-1 staining (Fig.
4A). During ingression, junctional cadherin staining is lost
in PMCs as they change morphology and delaminate from
the vegetal plate (small arrowhead in Fig. 4B). In contrast,
cells that remain in the vegetal plate epithelium retain highwith lateral membrane domains at sites of cell±cell contact
(Fig. 2D) and accumulates in apical adherens junctions by levels of junctional cadherin staining (large arrowhead in
Fig. 4B). The loss of adherens junction staining coincidesthe blastula stage. Basal membrane domains facing the blas-
tocoel lack CAD-1 staining throughout embryogenesis. The with the appearance of punctate foci of intracellular cad-
herin staining (Figs. 4B±4D). These intracellular aggregatesenrichment of CAD-1 staining in adhesive junctions coin-
cides with the development of cell junctions which ®rst of cadherin staining can often be seen in PMCs still resident
in the vegetal plate (arrowhead in Fig. 4C) and are evidentappear at the 16-cell stage (Andreuccetti et al., 1987) and the
acquisition of cell polarity in late cleavage-stage embryos in cells as they accumulate in the blastocoel (arrows in
Figs. 4B and 4C). The appearance of intracellular cadherin(Nelson and McClay, 1988; Schroeder, 1988). Thus, the pro-
gressive enrichment of CAD-1 staining in cell junctions is staining also coincides with the ®rst detectable expression
of a PMC-speci®c cell surface marker (green staining in Figs.consistent with the predicted role of cadherins in regulating
Ca2/-dependent cell adhesion and cell polarity in sea urchin 4C and 4D). The number of CAD-1-positive aggregates pres-
ent within each cell varied between 1 and 3 aggregates perembryos.
Cadherin function in cell adhesion and polarity is depen- cell and a small proportion of the ingressed PMCs do not
appear to display intracellular staining. These intracellulardent on interactions between cadherins and both a- and b-
catenin (reviewed in Gumbiner, 1996). Therefore, we asked aggregates of CAD-1 immunoreactivity do not persist and
are undetectable in migratory PMCs. Intracellular stainingwhether the organization of the cadherin/catenin complex
is conserved in sea urchin embryos by examining the sub- was not detected in epithelial cells of the ectoderm or endo-
derm at any time during gastrulation.cellular localization of cadherin relative to both a-catenin
and b-catenin in epithelial cells of gastrula stage embryos The intracellular accumulation of cadherin staining in
PMCs at ingression suggests that the mechanism underly-(Fig. 3). Double labeling experiments reveal that cadherin
(Fig. 3A), a-catenin (Figs. 3B and 3E), and b-catenin (Fig. 3D) ing changes in PMC adhesion may be wholly or partially
due to the rapid internalization of cell surface cadherin mol-are highly enriched in adherens junctions. Superimposing
the individual images demonstrates the colocalization of ecules. Therefore, we sought to examine the relationship
between the apparent internalization of cadherins from thecadherin and a-catenin (Fig. 3C) and a-catenin and b-ca-
tenin (Fig. 3F). The colocalization of cadherin and b-catenin cell surface and the disassembly of adherens junctions in
PMCs at ingression. In order to analyze this relationship, wecould not be examined simultaneously because antibodies
against each protein were raised in guinea pigs. However, determined cadherin distribution in embryos treated with
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FIG. 3. Cadherin and catenins colocalize in adherens junctions. Analysis of the subcellular distribution of cadherin (A), a-catenin (B,E),
and b-catenin (D) reveals that all three proteins are enriched in apical, adherens junctions. Superimposing the individual images (C,
cadherin/a-catenin; F, b-catenin/a-catenin) demonstrates the clear overlap of the staining patterns (overlapping staining appears yellow)
and the colocalization of the components of the cadherin/catenin adhesion complex.
cordycepin, an inhibitor of mRNA polyadenylation that of action by which cordycepin works to inhibit adherens
junction disassembly and ingression are not known, theseblocks the disassembly of adherens junctions in PMCs,
thereby preventing their delamination into the blastocoel data are consistent with the hypothesis that PMC in-
gression requires the removal of cell surface cadherin mole-(Anstrom and Fleming, 1994). We reasoned that if the regu-
lation of cadherin localization is linked to adherens junction cules to intracellular compartments. However, further ex-
periments are necessary to resolve both the spatial and tem-disassembly and the deadhesion of PMCs from neighboring
blastomeres, then cordycepin should inhibit the loss of poral relationship between adherens junction disassembly,
changes in cadherin localization, and deadhesion of PMCsjunctional cadherin staining and the observed accumulation
of intracellular cadherin. Consistent with these predictions, from neighboring blastomeres.
A second epithelial to mesenchymal conversion that oc-cadherin is detected in association with adherens junctions
of presumptive PMCs in the vegetal plate epithelium in curs during gastrulation is the delamination of secondary
mesenchyme cells (SMCs) from the tip of the archenteron.cordycepin-treated embryos (Figs. 5A and 5B; PMCs were
identi®ed morphologically by the constriction of cell api- Analysis of the localization of cadherin in SMCs reveals
that cell surface staining is reduced in cells emanating fromces). The retention of junctional cadherin also coincides
with a decrease in intracellular cadherin staining in cordy- the archenteron and is absent in migratory cells (data not
shown). However, in contrast to the accumulation of intra-cepin-treated embryos (Fig. 5C) compared to control em-
bryos (Fig. 5D). Although the speci®city and mechanism cellular cadherin seen in PMCs at ingression, SMCs did not
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FIG. 4. Changes in the intracellular distribution of CAD-1 accompany PMC ingression. (A) Confocal micrograph of a blastula-stage
embryo showing the uniform distribution of adherens junction-associated CAD-1 immunoreactivity. (B) Confocal image of an embryo
stained with anti-cadherin antibodies. Following ingression, PMCs lack membrane-associated cadherin staining (small arrowhead). Instead,
cadherin accumulates in intracellular organelles (arrows). Cells that remain in the vegetal plate retain high levels of adherens junction
cadherin staining (large arrowhead). (C,D) Embryos double labeled with CAD-1 (red) and the PMC-speci®c marker 1d5 (green) show that
cadherin begins to accumulate in intracellular organelles shortly after deadhering from neighboring cells (arrowhead in C). Prominent
intracellular staining is seen in cells as they begin to express the Id5 marker (arrow in C). Migratory PMCs retain intracellular cadherin
staining (D) for a short period of time after which cadherin staining cannot be detected in PMCs throughout development. Bars, 20 mm.
possess signi®cant levels of intracellular cadherin staining. enteron, it appears to involve a distinct mechanism from
that regulating the deadhesion of PMCs from the vegetalThus, although the loss of cell surface cadherin is likely
involved in the deadhesion of SMCs from cells of the arch- plate epithelium.
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FIG. 5. Treatment of embryos with cordycepin blocks both the loss of junctional CAD-1 staining and the accumulation of intracellular
CAD-1. (A,B) Vegetal view of embryos treated with cordycepin. Presumptive PMCs retain prominent adherens junction-associated cadherin
staining (arrowheads). The PMCs can be identi®ed due to the constriction of cell apices that still occurs in cordycepin-treated embryos.
Cross section through a cordycepin-treated embryo (C) showing the decrease in the accumulation of intracellular cadherin in presumptive
PMCs (arrowhead) compared to a control embryo (D). The block of cadherin internalization by cordycepin is not complete, however, and
a few cells do possess intracellular aggregates of cadherin staining (arrow in C). Bars, 20 mm.
Cadherin distribution is not altered in cells of the arch- ment (Takeichi, 1988, 1991). Of interest to this study, re-
cent analysis of mutations in the Drosophila E-cadherinenteron during gastrulation. In the sea urchin embryo,
formation of the larval gut is characterized by extensive cell gene demonstrate that cadherin function is required for reg-
ulating epithelial cell adhesion and motility during tubulo-rearrangements within the endodermal epithelium (Etten-
sohn, 1985; Hardin, 1989). These convergent extension genesis (Tepass et al., 1996; Uemura et al., 1996). Given
this potential role of cadherin in regulating the morphogen-movements are dependent on the making and breaking of
adhesive contacts between cells of the archenteron and, esis of epithelial structures, we examined the distribution
of CAD-1 immunoreactivity in the archenteron during gas-therefore, require an adhesion system that is plastic. Cad-
herins are hypothesized to play a critical role in regulating trulation in order to determine whether changes in cadherin
localization or abundance accompany convergent±exten-the morphogenesis of epithelial structures during develop-
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sion movements. Throughout gastrulation, cadherin stain- protein is much larger than typical vertebrate cadherins.
The complete 8427-bp open reading frame of LvG-cadherining is prominently associated with adherens junctions and
to a much lesser extent with lateral membrane domains encodes a 2809-amino-acid protein with an apparent Mr 303
kDa (Fig. 7A).of cells within the archenteron despite the extensive cell
rearrangements known to occur within this tissue (Figs. Comparison of the extracellular domain of LvG-cadherin
with the corresponding domain of vertebrate cadherins re-6A±6D). In fact, the intensity of adherens junction-associ-
ated staining in the endoderm is equivalent to that detected vealed several divergent characteristics (Figs. 7B and 8A).
Vertebrate cadherins are synthesized as preproteins that arein the ectoderm. Thus, convergent±extension movements
within the archenteron do not appear to require the down- proteolytically cleaved prior to being placed on the plasma
membrane (Shirayoshi et al., 1986; Nagafuchi et al., 1987;regulation of adherens junction-associated cadherins. The
cross-reactivity of the CAD-1 antibodies, however, does not Shore and Nelson, 1991). The cleavage site is characterized
by a highly conserved series of basic residues followed im-allow us to rule out the possibility that changes in cadherin
subtype expression may accompany archenteron formation. mediately by the ®rst cadherin-speci®c repeat. In contrast,
the start methionine and signal sequence of LvG-cadherinThe lack of any noticeable change in cadherin expression
in the gut during gastrulation prompted us to ask whether are followed by a novel stretch of about 400 amino acids
that precedes the ®rst cadherin-speci®c repeat and does notchanges in cadherin adhesive function may be the result of
changes in the interaction of cell surface cadherin mole- contain an apparent cleavage site. Another striking differ-
ence between LvG-cadherin and its vertebrate counterpartscules with catenins. Therefore, we examined the distribu-
tion of both a- and b-catenin in the gut during gastrulation is the number of cadherin-speci®c repeats. Unlike verte-
brate molecules that possess four tandem cadherin-speci®cand compared these patterns to that observed for cadherin.
We found that junctional a-catenin (Figs. 6E and 6F) and b- repeats, LvG-cadherin encodes 13 tandem cadherin repeats
that share many of the highly conserved amino acids foundcatenin (Figs. 6G and 6H; Miller and McClay, 1997) staining
decreases dramatically in cells of the archenteron during in vertebrate cadherin domains (Fig. 8B). Several of the re-
peats, however, lack the proposed Ca2/-binding sites (Ring-gastrulation. The boundary between cells possessing high
levels of junctional catenins and those possessing low levels wald et al., 1987; Ozawa et al., 1990a) and none of the
repeats was found to contain the HAV cell binding sequenceof junctional catenins coincides with the blastopore lip and
the location of this boundary remains unchanged through- (Nose et al., 1990). A Drosophila cadherin recently cloned
by Takeichi and his colleagues (Oda et al., 1994) also lacksout gastrulation (Miller and McClay, 1997). This pattern
contrasts that seen for cadherin (Figs. 6A±6D) and is consis- the HAV sequence and has the amino acids IVR in this
position. Although the functional signi®cance of this se-tent with the regulation of cadherin/catenin interactions
playing a role in modulating cell adhesion during conver- quence is unclear, it is interesting to note that we also ®nd
an IVR sequence in the ®rst cadherin repeat of LvG-cad-gent±extension movements.
herin.
Between the 13 cadherin repeats and the transmembrane
Molecular Characterization of a Novel Member domain, LvG-cadherin encodes a domain that includes several
of the Cadherin Family motifs not found in vertebrate cadherins. A novel intervening
sequence of about 155 amino acids is followed by a series ofIn order to further characterize the role of cadherin in
regulating various morphogenetic events, we sought to four EGF-like repeats (Fig. 8C), similar to those found in Notch
(Wharton et al., 1985), lin-12 (Yochem et al., 1988), glp-1 (Aus-clone and characterize members of the cadherin family in
the sea urchin L. variegatus. Therefore, we probed a L. varie- tin and Kimble, 1989; Yochem and Greenwald, 1989), fat (Ma-
honey et al., 1991), and several sea urchin gene products (Yanggatus midgastrula cDNA library with the PCR-ampli®ed
cDNA and isolated several clones, including a 4.2-kb cDNA et al., 1989; Bisgrove and Raff, 1993; Mendoza et al., 1993).
Furthermore, a ®fth domain that contains ®ve conserved cys-which we designated lC8. When this probe was used to
probe a Northern blot containing poly(A)/ RNA from vari- teines arranged in a pattern similar to the EGF consensus
precedes the ®rst consensus EGF-like repeat. In contrast toous developmental stages, a single 13-kb transcript was de-
tected (data not shown) indicating that obtaining a single the tandem arrangement of EGF-like repeats in many other
molecules, the ®rst three repeats in LvG-cadherin are not tan-full-length clone was a highly unlikely possibility. There-
fore, successive library screens were performed using frag- demly arranged. In particular, the intervening sequence be-
tween the second and third repeats (Fig. 8D) shows identityments of the 5* ends until clones covering the entire open
reading frame were isolated. Given the large size of the open to a similarly located membrane proximal region of Drosoph-
ila E-cadherin (Oda et al., 1994), both of which display localreading frame and the number of clones required to obtain
full-length sequence data, we analyzed approximately 25 identity to rat neurexin I-a (Ushkaryov et al., 1992), the G-
domain of laminin A (Garrison et al., 1991), and Drosophilaoverlapping clones by restriction mapping and partial se-
quencing to con®rm the overall structure of the full-length Slit (Rothberg et al., 1990).
In the cytoplasmic domain, LvG-cadherin shows signi®-molecule. Full-length sequence data were determined by
sequencing six of these overlapping cDNAs on both strands. cant sequence identity to all classic cadherins (Fig. 8E). Over
the entire length of the cytoplasmic domain, LvG-cadherinThe ®rst of several unusual features of this L. variegatus
cadherin gene product is its enormous size; the predicted is 37, 46, and 57% identical to Drosophila E-, Xenopus E-,
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FIG. 6. Adherens junction-associated CAD-1 staining is not altered in cells undergoing convergent extension movements. Confocal
images of midgastrula-stage (A,B) and late gastrula-stage (C,D) embryos demonstrating the maintenance of junctional cadherin staining
in cells of the archenteron during gastrulation (arrows). This persistence of cadherin staining contrasts the patterns of both a-catenin (E,F)
and b-catenin (G,H) staining which dramatically decreases in cells of the archenteron during gastrulation (arrows). This decrease in
junctional catenin staining occurs only in cells undergoing convergent±extension movements and cells outside the gut retain high levels
of junctional catenin staining (arrowheads in E±H denote the boundary between cells possessing different levels of adherens junction-
associated catenin staining). B, D, F, and H represent false-color images of the same embryos shown in A, C, E, and G, respectively. The
brightness of each pixel was assigned a color value to facilitate comparisons of the levels of junction-associated staining between cells of
the ectoderm and those of the archenteron. Pixel intensity and the corresponding color: 1±32  black; 33±64  violet; 65±96  blue;
97±128  ;129±160  green; 161±192  yellow; 193±224  orange; 225±256  red.
and N-cadherin, respectively. Of particular signi®cance is teron during gastrulation (arrowheads in Figs. 9A, 9C, and
9E). Intriguingly, this pattern changed following gastrula-the high degree of similarity over the carboxy-terminal 70
residues because this region of vertebrate cadherins has tion as cells possessing higher levels of LvG-cadherin tran-
scripts became asymmetrically distributed along the planebeen shown to be essential for catenin binding.
Expression of LvG-cadherin transcripts in embryos and of bilateral symmetry and were incorporated into the devel-
oping left coelomic sac (Fig. 9E). Unfortunately, the ulti-larvae. Whole-mount in situ hybridization was performed
to determine the spatial expression pattern of LvG-cadherin mate fate of these cells could not be followed because the
abundance of LvG-cadherin transcripts in these cells dimin-transcripts during gastrulation (Fig. 9). Both sense and anti-
sense digoxygenin-labeled RNA probes were synthesized ished to levels comparable to that in surrounding cells.
using a subcloned cDNA fragment corresponding to the
novel region of LvG-cadherin between the cadherin repeats
and EGF-like repeats. This region was chosen to prevent DISCUSSION
potential cross-hybridization with other cadherins. Hybrid-
izations performed with the antisense probe demonstrated In the present study we employed both cell biological and
molecular approaches to investigate the role of cadherins inthat LvG-cadherin transcripts are present in all cells of the
embryo throughout gastrulation including both primary and regulating cell adhesion during the development of the sea
urchin embryo. These analyses have led to the following ob-secondary mesenchyme. One exception to this uniform pat-
tern of expression was the increased abundance of tran- servations: (i) cadherin localizes to sites of cell±cell adhesion
throughout development. In adherens junctions, cadherin co-scripts in four to eight cells located at the tip of the archen-
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FIG. 7. Deduced amino acid sequence of LvG-cadherin. (A) Overlapping cDNAs were isolated and sequenced to produce a 8427-bp open
reading frame which encodes the 2809 amino acids shown here. Amino acids are numbered from the ®rst in frame methionine which we
believe represents the start of translation. The putative signal sequence (SS) and transmembrane domain (TM) are underlined. Vertical
lines delimit the ®rst amino acid of the 13 cadherin repeats. The four EGF-like repeats are underlined. (B) Schematic comparison of LvG-
cadherin with Drosophila E-cadherin and a classical vertebrate cadherin. GenBank accession number for LvG-cadherin is U34823.
localizes with both a- and b-catenin, suggesting that the orga- archenteron retain high levels of cadherin staining even
though these cells are undergoing convergent extension move-nization and function of the cadherin/catenin complex is con-
served in sea urchins; (ii) the epithelial±mesenchymal conver- ments; and (iv) we report the cloning and molecular character-
ization of a novel member of the cadherin family. Together,sion of PMCs at the onset of gastrulation is accompanied by
the loss of membrane-associated cadherin and the coincident these data provide new insights into the function of cadherin
during various morphogenetic events and provide buildingappearance of intracellular cadherin staining; (iii) cells of the
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FIG. 8. Key features of LvG-cadherin amino acid sequence. (A) Schematic diagram of LvG-cadherin showing conserved structural domains.
Cadherin repeats are darkly stippled, EGF repeats are lightly stippled (E), neurexin/laminin A±G domain is shown with diagonal lines
(neurexin), and the cytoplasmic domain is shown with horizontal lines (cyto). (B) Alignment of the 13 cadherin repeats. Some of the most
highly conserved residues found in vertebrate cadherin repeats are lightly stippled. (C) Alignment of the four EGF-like repeats. The 6
cysteine residues characteristic of this motif are lightly stippled. (D) Comparison of the neurexin/laminin A±G domain of LvG-cadherin
with the corresponding domain of Drosophila E-cadherin (Oda et al., 1994) and rat neurexin-I (Ushkaryov et al., 1992). Amino acid residues
conserved between 2 of the 3 proteins are lightly stippled. (E) Alignment of the cytoplasmic domain of LvG-cadherin with the corresponding
domain of Xenopus N-cadherin (XlN), Xenopus E-cadherin (XlE), and Drosophila E-cadherin (DmE). Amino acid residues conserved between
3 of the 4 proteins are lightly stippled.
blocks for future experiments exploring the biochemical 1980) and that this event coincides with a decrease in the
af®nity of PMCs for neighboring blastomeres (Fink andmechanisms responsible for regulating cadherin localization
and adhesive activity during development. McClay, 1985). One interpretation of these ®ndings was
that the decrease in af®nity was due to changes in the iden-
tity, quantity, or activity of adhesion molecules at the cell
The Role of Cadherin in Regulating Epithelial± surface of ingressing PMCs. In the present investigation, we
Mesenchymal Conversions present evidence that PMC ingression is accompanied by
the endocytosis of cadherin molecules from the cell surfacePrevious studies demonstrated that PMCs disassemble
adherens junctions as they ingress (Katow and Solursh, into intracellular compartments. Furthermore, we show
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that cordycepin, a pharmacological agent which blocks the changes may be suf®cient to cause the observed decrease
in the adhesiveness of PMCs (Fink and McClay, 1985) anddisassembly of adherens junctions and the release of PMCs
from the vegetal plate (Anstrom and Fleming, 1994) inhibits allow the movement of PMCs into the blastocoel at in-
gression. Furthermore, these results provide new insightsthe loss of junction-associated CAD-1 and the accumula-
tion of intracellular CAD-1 staining. The correlation be- into the regulation of cadherin/catenin function during epi-
thelial±mesenchymal conversions and will serve as the ba-tween the inability of PMCs to deadhere from neighboring
cells and the persistence of CAD-1 staining in adherens sis for future experiments that will address the causal rela-
tionship between cadherin internalization and deadhesionjunctions in treated embryos suggests that these two pro-
cesses are causally linked. Based on these ®ndings, we pro- of PMCs from neighboring blastomeres as well as the bio-
chemical mechanism(s) underlying potential modi®cationspose that at least part of the observed decrease in the af®nity
of PMCs for neighboring blastomeres is a direct conse- of the cadherin/catenin complex.
quence of the removal of cadherin molecules from the cell
surface at ingression.
The Role of Cadherin in Maintaining CellAlthough the internalization of cadherins is likely to con-
Adhesion during Convergent±Extensiontribute to the observed loss of cell±cell adhesion, PMCs
Movementsmust deadhere from neighboring blastomeres that retain
cell surface cadherin expression and adhesive af®nity for The formation of the archenteron is dependent on conver-
gent±extension movements and, therefore, requires a cellone another (Fink and McClay, 1985). Thus, the adhesive
activity of cell surface cadherins must decrease in PMCs adhesion system that is able maintain the integrity of the
epithelium while being ¯exible enough to allow cell rear-prior to the internalization of these molecules during in-
gression. Given their importance in controlling cadherin rangements. Despite these requirements, we ®nd that the
neither the localization nor abundance of cadherin displaysadhesive activity, it is possible that the catenins could play
a crucial role in modulating cadherin function during in- tissue-speci®c differences between the ectoderm and endo-
derm during gastrulation. Thus, an overall change in cad-gression. Several studies have shown that an increase in
the phosphorylation of b-catenin (Matsuyoshi et al., 1992; herin expression in the gut does not appear to be required
for promoting convergent±extension movements. How-Behrens et al., 1993; Hamaguchi et al., 1993; Hinck et al.,
1994b), that can result in a decrease in cadherin/b-catenin ever, our analysis does not rule out the possibility that
changes in the relative amount of different cadherin sub-interactions (Kinch et al., 1995), coincides with epithelial±
mesenchymal conversions in culture. In addition, an earlier types may occur and thus contribute to the modulation of
cell adhesion that occurs in the gut during gastrulation.study showed that the internalization of cadherin in cul-
tured cells in response to low extracellular Ca2/ concentra- Another potential mechanism underlying changes in ad-
hesive characteristics of archenteron cells could involve thetions involved the endocytosis of membrane adherens junc-
tion components as well as cytoplasmic junctional plaque local modulation of cadherin/catenin interactions within
the cell. Subcellular regulation of cadherin/catenin interac-components, such as plakoglobin (Kartenbeck et al., 1991).
Thus, the catenins could play one of several roles in the tions could account for local changes in adhesiveness such
that cells could rearrange with their neighbors while stilldeadhesion process including (i) being targets of intracellu-
lar signals that cause the disassembly of the cadherin/ca- maintaining the integrity of the epithelium. Consistent
with this idea, adherens junction-associated a-catenin andtenin complex and the subsequent inactivation of cadherin
adhesive activity, and/or (ii) being targets for the internal- b-catenin (Miller and McClay, 1997) staining is reduced
within the gut relative to the ectoderm during formationization process that removes cadherins from the cell sur-
face. Examination of b-catenin staining in PMCs during of the archenteron. These observations, together with data
showing that levels of cadherin staining do not change dur-ingression reveals that junctional b-catenin is lost as cells
delaminate and that this process sometimes coincides with ing gastrulation, demonstrate the presence of a pool of cad-
herin molecules at the cell surface that is not associatedthe intracellular accumulation of b-catenin similar to that
seen for cadherin (Miller and McClay, 1997). However, with either a- or b-catenin. This catenin-independent pool
of cadherin molecules could promote cell motility by reduc-these intracellular foci of b-catenin staining are seen less
frequently than those observed in embryos stained with ing the adhesive af®nity between endodermal cells. On the
other hand, the catenin-bound pool of cadherin molecules,anti-cadherin antibodies. Thus, if b-catenin is involved in
the internalization process, it must not be required. Instead, by retaining their association with the actin cytoskeleton,
may be required to maintain epithelial integrity. Thus, con-these data are more consistent with a model in which cad-
herin/b-catenin interactions are modi®ed, perhaps through vergent±extension movements in the archenteron may be
controlled by cells locally regulating the relative abundancephosphorylation of b-catenin, at the onset of ingression.
This modi®cation of the cadherin/b-catenin complex may of cadherins in the catenin bound versus unbound state. In
support of this idea, a recent study analyzing the effectsinvolve, but does not appear to require, the disassembly of
the cadherin/catenin complex that would lead to the inacti- of cadherin/a-catenin fusion proteins on cell adhesion and
motility demonstrated that relative adhesiveness and motil-vation of cadherin adhesive function. Following inactiva-
tion of cadherin adhesive function, ``free'' cell surface cad- ity of single cells within an epithelial monolayer is depen-
dent upon the ability of these cells to regulate the assemblyherin molecules would be internalized. Together these
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member of the cadherin family. LvG-cadherin is an excep-
tionally large cadherin that possesses domains common to
classic cadherins as well as several distinct domains. This
unique combination of features could impart LvG-cadherin
with novel functions in addition to playing a role in cell±
cell adhesion.
Several structural features of LvG-cadherin are consistent
with it functioning as a cell adhesion molecule. All classic
cadherins identi®ed thus far function as homophilic cell
adhesion molecules. The ®rst cadherin repeat has been im-
plicated in mediating this adhesive function and the binding
speci®city appears to be conferred by sequences sur-
rounding the HAV motif contained within this repeat
(Blaschuk et al., 1990; Nose et al., 1990). LvG-cadherin,
although it lacks an HAV sequence, does possess other
highly conserved residues important for the structure and
function of the cadherin repeat, such as the Ca2/-binding
motif. Furthermore, LvG-cadherin possesses the highly con-
served b-catenin binding site within the cytoplasmic do-
main. Finally, we present evidence that the molecular orga-
nization of adherens junctions has been conserved in the
sea urchin. In sea urchin embryos, adherens junctions are
found in all epithelial tissues and are located at the bound-
ary between the apical and lateral membrane domains (Spie-
gel and Howard, 1983). Here we demonstrate that CAD-1
staining is highly enriched in adherens junctions, indicating
that cadherin molecules, including LvG-cadherin, are local-
ized to adhesive cell junctions.
In addition to its proposed function as a cell adhesion
molecule, the structure of LvG-cadherin also suggests that
it could play a role in cell signaling. The extracellular do-
main of LvG-cadherin shares a high degree of similarity to
the Drosophila tumor suppressor gene fat (Mahoney et al.,
1991). Mutations at the fat locus result in hyperplasia andFIG. 9. Spatial distribution of LvG-cadherin transcripts during
morphogenetic defects in the imaginal disks consistentgastrulation. Embryos at different stages were hybridized with anti-
with a role for fat in the regulation of cell growth and prolif-sense (A, C, E) or sense (B, D, F) digoxygenin-labeled synthetic RNA
probes. Stages shown are early gastrula (A, B), late gastrula (C, D), eration. With respect to these ®ndings, it is intriguing that
and early pluteus larva (E, F). These results show that LvG-cadherin we observe increased levels of LvG-cadherin mRNA in de-
transcripts are uniformly distributed and are present at higher lev- scendants of the small micromere lineage. Unlike all other
els in four to eight cells located at the tip of the archenteron (arrow- cells of the embryo, the progeny of the small micromeres
heads in A, C, E). divide only once between their birth at the ®fth cleavage
stage and their eventual incorporation into the coelomic
sacs of the pluteus larva (Pehrson and Cohen, 1986). Both
and disassembly of cadherin±catenin complexes (Naga- a- and b-catenin also show a similar localized pattern of
fuchi, et al., 1994). Furthermore, mutations in the Drosoph- increased mRNA and protein abundance in descendants of
ila E-cadherin gene disrupt processes requiring active epi- the small micromere during gastrulation. The implications
thelial cell rearrangements underscoring the importance of of increased cadherin and catenin expression on the devel-
cadherin in maintaining the integrity of epithelial sheets opment of the small micromere lineage is unclear. How-
during epithelial morphogenesis (Tepass et al., 1996; Uem- ever, given the structural similarities between LvG-cad-
ura et al., 1996). Taken together, these data suggest that the herin and fat, one possible role for the increased expression
modulation of cadherin±catenin interactions may play a of LvG-cadherin could be to confer distinct proliferative
properties to these cells. Future studies will involve therole in regulating cell adhesion, junctional organization, and
production of function-blocking antiserum that speci®callymotility during epithelial morphogenesis.
recognizes LvG-cadherin in order to examine potential ad-
hesive and signaling roles during development.
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